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NORMAL HUMAN KERATINIZATION PROCESSES AS DEMONSTRATED BY
ELECTRON MJCROSCOPY*
ALVIN S. ZELICKSON, M.D.
"Keratinization" or "eornifieation" was de-
fined by Rothman (1) as the transformation of
living epithelial cells into horny material, while
Fleseh (2) has recently described it as a con-
solidation of fibrous keratin precursors. Ranvier
(3) as long ago as 1879 described the presence of
intracellular fibers in the epidermis, but their
exact relationship to the keratinization process
is as yet undecided. Unna (1925) (4) suggested
that there were two types of proteins in epi-
dermal cells. One was a fibrillar protein and the
other a globular protein, lying between the
fibrous elements. Astbury (5) studied x-ray
diffraction spectrograms of mammalian keratin
and found that ordinary keratin showed an
nlpha-keratin pattern, but when stretched
produced a beta-keratin pattern. Montagna (6)
has emphasized that x-ray diffraction patterns
for alpha-keratin are obtained whenever tono-
fibrils are present, whether in the basal layer or
the stratum corneum, therefore the tonofibrils
nre probably responsible for the characteristic
diffraction pattern of alpha-keratin seen in
epidermis.
Rudall (7), using 6 M urea, was able to sepa-
rate from the epidermis of the cow's nose, a
fibrous protein (epidermin) having properties,
including an alpha-keratin x-ray diffraction
pattern, similar to those of the aforementioned
epidermal fibers. He also extracted a globular
protein from the same region. Unexpectedly,
the sulfur content of the fibrous protein was very
low, less than that of the globular component.
In 1956, Roe (8), by dissolving hydrogen bonds
with lithium bromide, was able to separate a
fibrous keratin precursor from human epidermis
(tonofibrin) which had an alpha-keratin pat-
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tern, and according to Fleseh (2), contained no
sulfur.
Barrnett and Seligman (9) and later Montagna
(10), using a histochemieal technic, studied the
localization of sulfhydryl and disulfide groups
in human epithelium. These investigators
showed that the —SH groups were present
throughout the epidermis, being greatest in
number in the basal cells and least in the stratum
granulosum and stratum corneum. Disulfide
groups, though at a minimum, were present in
all layers of the epidermis. Fleseh, (2) in sum-
marizing the situation, recently pointed out that
there is no specific evidence that sulfur-con-
taining amino acids are attached to the fibrous
pre-keratin and the possibility exists that they
might be localized in a non-fibrous precursor,
surrounding the fibrous unit. It was his opinion
that keratinization is a two stage process, the
first step being the formation of a fibrous pre-
keratin, poor in sulfur and not as solidified as
keratin, and occurring in the lower levels of the
stratum malphighii. Second is the combination
of this precursor with a sulfur-containing pro-
tein, thus forming a consolidated keratin with
disulfide bridges.
With newer technies, it is now possible to
resolve particles in the 10—1000 A range with the
electron microscope. This range includes most
large molecules and filaments. Keratinization is
therefore especially well suited for study by the
electron microscope.
Selby (11) in a study of the fine structure of
the epidermis pointed out that tonofilaments
are present throughout the epidermis. She de-
scribed the stratum corneum as a structureless
mass with no apparent internal composition.
Others (12—15), suggested that keratohyalin
granules may transform directly into keratin
fibers, or that keratohyalin is a substance which
is precipitated from the cytoplasm and deposited
around tonofibrils.
In regard to keratinization in hair, Birbeek
and Mercer (16), using the electron microscope,
described triehohyalin granules which they be-
lieved transform directly into fibrils. They also
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noted the de novo appearance of another type
of filament which was cemented together by an
osmiophilic substance assumed to be rich in
sulfur. This assumption was based on the fact
that there is a strong reaction between the
commonly used fixative (osmium tetroxide)
and sulfur containing amino acids (17).
Rogers (18), studying Merino wool-fibers,
supported the findings of Birbeck and Mercer,
of a "microfibril plus matrix" structure for
keratin. He described a pattern whereby the
fibrous portion was light in color and the matrix
dark, and believed that it is the matrix or
osmiophilic substance which is rich in sulfur.
Brody (19, 20), has recently described an identi-
cal pattern for the horny layer of guinea-pig
epidermis. He too, suggested that in guinea-pig
epidermis, keratin is probably formed from a
gradual incorporation of the tonofilaments into
the keratohyalin material.
EXPEEIMENTAL
In light of these new developments in animal
tissues and with the advantage of some recent
improvements in electron microscopy technics,
it was decided to investigate the keratinization
process in normal human epidermis. Using the
electron microscope (RCA EMU-2A, RCA
EMU-3F), normal keratinizing epithelium (hu-
man skin from the left upper arm) was compared
with normal non-keratinizing epithelium (human
oral mucosa from the inner surface of the lower
lip). In this study, both skin and oral mucosa
were fixed in buffered osmium tetroxide and
embedded in either methacrylate, Epon 812
or Vestopal W. Certain sections were stained
with uranyl acetate.
RE5ULT5
For purposes of discussion the epidermis will
be divided into the following cell layers: stratum
germinativum, stratum spinosum, stratum
granulosum and stratum corneum. The structural
changes occurring in the skin during keratini-
zation will be discussed first, then the differences
noted in non-keratinizing mucosa will be men-
tioned.
FIG. 1. The cytoplasm of the basal cells contains numerous tonofilaments while the cytoplasm of the
"prickle cell" appears granular. B, basal cell; P, prickle cell. (Vestopal W) X 26,280.
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Skin These are specialized areas of apposed cell
Stratum germinativum. The plasma membrane walls with several lamellae embedded in an
of the basal cell is well defined and numerous opaque material, located between them. The
desmosomes (nodes of Bizzozero) dot its surface. desmosomes facing the dermis ("haif-desmo-
Fin. 2. A higher magnification of a basal cell. Bundles of tonofilaments anchor to the desmosomes. D,
desmosome. (Vestopal W. uranyl acetate) X 39,672
Fin. 3. Bundles of filaments cut in cross section demonstrate the unstained fiJaments coated with
osmium. T, bundles of tonofflaments. (Vestopal W, uranyl acetate) X 39,600.
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somcs") are also noted to be apposed by several
dense lamellae which lie between tbe basal cell
and the "basement membrane". The basal cell
contains numerous cytoplasmic tonofilaments
approximately 50 A in diameter, all oriented in
the same plane and perpendicular to the surface
(Fig. 1). Bundles of tonofilamcnts stream into
the cytoplasm from the cytoplasmic surface of
the desmosomes but do not cross from cell to
cell (Fig. 2). Significantly, on cross section, some
of these osmiophilic appearing filaments arc
found, with high magnification, to consist of a
non-staining central unit or filament which is
coated with an osmiophilic substance, thus
having a "tube-like" structure.
Stratum spinosum. The cells at this level
differ from those in the stratum germinativum,
in that the tonofilaments are not well oriented
(Fig. 1). The filaments also gradually increase
in diameter until they reach a diameter of ap-
proximately 100 A. Cross sections of bundles of
filaments in this region again show the unstained
filaments coated with an osmiophilic material
(Figs. 3 and 4). The desmosomes arc struc-
turally unchanged.
Stratum granulo.sum. Characteristic electron-
dense keratohyalin material appears in signifi-
cant amounts in this region (Figs. 5—9). Kerato-
hyalin granules are located throughout the
cytoplasm and increase in size and number as
the cells approach the stratum corneum. With
higher magnification one is able to discern an
internal structure in some of the "granules",
which is apparently due to the presence of fila-
ments within the kcratohyalin material (Fig. 6).
The kcratohyalin is distinctly more electron-
dense than that material which ensheathes the
filaments in the lower levels, and in some areas is
deposited over this original material (Figs. 5, 6,
9). There is no significant relationship between
the keratohyalin and the nucleus, nucleolus or
their membranes. Thus the kcratohyalin is ap-
parently cytoplasmic in origin and is deposited
around and between the unstained tonofilaments
(Figs. 5—9). The kcratohyalin is surrounded by
dense particles (about 125 A) and at some points
there is a suggestion that these particles are
incorporated into the keratohyalin (Figs. 7 and
5).
Just below the stratum corneum a morpho-
logically different cell type is occasionally seen.
This "transitional" cell contains numerous
keratohyalin granules which fill the cytoplasm
(Fig. 10). At this level desmosomes have not as
yet begun their final change.
Stratum corneum. The stratum corncum is
usually 4 to S cells thick and the cells arc flat
and undulating with their long axes parallel
to the surface. The final pattern of "filament
embedded in matrix" is seen in the cytoplasm
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FIG. 4. Filaments are seen both in longitudinal and cross section. The cross sections again demon-
strate the unstained filament surrounded by an osmiophilic sheath. T, unstained tonofilaments. (Vest-
opal W, uranyl acetate) X 74,448.
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of the cells of the stratum eorneum (Fig. 12).
This appearance is the result of the presence of
numerous round, unstained filaments (100 A)
embedded in an electron-dense cement substance.
The filaments are oriented parallel to the sur-
face. In sections, some are cut in a longitudinal
pattern while others, cut in cross section, have a
"tube-like" appearance. In some cells the typical
structural pattern is not identifiable and the
cells have a homogeneous appearance (Fig. 13).
The pattern of development of the stratum
corneum is inconstant, with cells at lower levels
at times being in a more "keratinized state"
than some cells nearer the surface.
In the stratum corneum the cell membrane
changes in appearance. In the lower levels it
consists of two electron-dense layers separated by
a less opaque region (Fig. 9), in the upper levels
the two layers fuse, thus forming a single, thick
opaque membrane (Approx. 125 A) (Figs. 11
and 13). The desmosomes also change in a
characteristic manner. An osmiophilie body
(200 A) forms in the intercellular space between
the apposed cell membranes which make up the
desmosome (Figs. 9 and 11). The intercellular
body is separated from the adjacent cells by a
less opaque zone. When the cell is shed the
break in the desmosome occurs in this less
opaque zone rather than through the "body"
(Figs. 9 and 11). Often these intercellular bodies
are quite extensive in length rather than being
limited to the "desmosome" region.
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Fin. 5. Keratohyalin material is deposited around and between the filaments. It is more electron-
dense than the osmiophilie material which coats the filament. T, tonofilaments; K, keratohyalin
material. (Epon 812, uranyl acetate) X 54,504.
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FIG. 6, A higher magnification of Fig. 5. The keratohyalin material is present around many of the
filaments hut some are not as yet ensheathed in this electron-dense material. T, tonofilaments; K,
keratohyalin material. X 106,272.
Fin. 7. Keratohyalin material is located around the tonofilaments and electron-dense particles
surround the keratohyalin. There is some suggestion that they are incorporated into the keratohyalin
material. (Vcstopal W, uranyl acetate) X 93,096.
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FIG. 8. ICeratohyalin material is located around and between the filaments. Here again there is a
suggestion that the electron-dense particles are incorporated into the keratohyalin material. (Vestopal
W, uranyl acetate) X 79,200.
Non-keratinizing Mueosa
The normal structure of oral mucous mem-
brane has been described in detail in a previous
report (21). The main differences noted between
skin and non-keratinizing mucosa are that in
the latter:
1. Fewer tonofilaments (50 A) are present
and they do not go on to form the wider filaments
(100 A) seen in keratinizing epithelium.
2. Fewer desmosomes (or nodes of Bizzozero)
are present and those seen do not change in-
ternally as the cell nears the surface.
3. The cell membrane does not change struc-
turally as the cell nears the surface.
4. Keratohyalin granules are not formed;
therefore no transitional cell layer is seen.
5. The stratum corneum is absent and no
keratin is formed.
DIscussIoN
It is evident that a combination of events is
important in the keratinization process. First
tonofilaments must be present. Secondly a ce-
menting substance is needed to bind the fila-
ments together. Both are needed in adequate
amounts for normal keratinization to take place.
As was shown in the electron micrographs,
tonofilaments are present in great numbers in
basal cells and thus at the onset of the keratini-
zation process. They are unstained by the osmium
used in fixation and thus contain very little if any
sulfur, a finding which corresponds to the bio-
chemical evidence for low sulfur content of
fibrous epidermal protein. The filaments are
coated by an osmiophilic sheath, and this sub-
stance, which attracts the osmium, probably
contains most of the sulfur groups (17). The
tonofilaments increase in diameter from ap-
proximately 50 A to 100 A as the cells move
upward in the epidermis. In the higher epidermal
levels the wider filaments are also unstained and
ensheathed in an osmiophilic material. The final
structure of the horny cell therefore consists of
unstained filaments cemented together in a
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Fin. 9. Unstained filaments still anchor to the cytoplasmic surface of the desmosomes. The cell mem-
brane is now a bilamellar structure. Intercellular bodies are present within the desmosomes. The upper
squame is being shed as the desmosome breaks in the region between the intercellular body and the cell
membrane. B, intercellular body; D, desmosome; I, inner cell membranee; 0, outer cell membrane; K,
keratohyalin material; M, mitoehondrion; T, unstained tonofilaments. (Methyaerylate) >< 80,640.
random manner by electron-dense material.
This pattern is similar to that described for hair
and wool, in which a compact, well oriented
group of filaments is seen as the last stage in the
keratinization process.
The second important component in the
keratinization process is the matrix or cementing
substance. Because it reacts strongly with osmium
tetroxide it probably contains sulfur. As was
mentioned, some osmiophilie material is present
in the basal layer and eusheaths the filaments.
More cement substance is laid down in the
stratum granulosum. This keratohyalin material
is extremely electron-dense, much more so, than
that material which coats the filaments in the
lower levels of the epidermis. It ensheaths the
tonofilaments as it is laid down and brings the
filaments together in larger and more compact
bundles.
The stratum eorneum in human epidermis
cannot be divided into three definite layers as
was described for guinea-pig epidermis (19), but
rather the cells vary in their degree of keratini-
zation.
SUMMARY
The horny cell is shown to be formed by a
binding together of filaments in an electron-dense,
sulfur containing, cement substance. The fila-
ments are present in the basal layer (approx.
50 A) and gradually increase in diameter (approx.
100 A) as the cell nears the surface. Keratohyalin
is laid down and binds the filaments together
thus forming compact bundles. The following
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points are important and have been described
as well as emphasized.
1. Tonofilaments are present in the basal cells
of the epidermis. These filaments on cross see-
FIG. 10. A transitional cell, just below the
stratum corneum, composed of numerous kerato-
hyalin granules. T, transitional cell. (Vestopal W)
X 43,776.
tion are unstained and coated by an osmiophilic
material.
2. Tn skin, keratohyalin material is necessary
for keratinization to occur. With the electron
microscope a transitional cell layer is occasionally
seen between the stratum granulosum and
stratum corneum. The cytoplasm of these cells
is packed with keratohyalin granules.
FIG. 11. Two intercellular bodies are demon-
strated. In this region the cell membrane is single,
thick and opaque. Note a cleavage between one of
the intercellular bodies and the cell membrane.
(Methacrylate) X 72,800.
FIG. 12. A high magnification demonstrating the characteristic "filament embedded in matrix"
morphology of a horny cell. The filaments (approx. 100 A) lay in a random pattern, some cut in longitu-
dinal and others in cross section. They are unstained while the matrix is osmiophilic. (Vestopal W.
uranyl acetate) X 38,160.
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Fio. 13. Two cells in the stratum corneum. Near the surface, the intercellular bodies at times are
vesicular. The structure of these two cells demonstrates the difference in cell morphology that is often
seen in the stratum corneum. (Vestopal W, uranyl acetate) 113,040.
3. The cytoplasm of the cells of the stratum
corneum is composed of an irregular arrangement
of unstained ifiaments embedded in a sulfur-
containing matrix.
4. The cell membrane and desmosomes change
radically as the cell keratinizes and these changes
are described.
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DISCUSSION
DR. PETER FLESCH, (Philadelphia, Pennsyl-
vania): I have a question and a comment. The
question concerns recent findings by Brody who
found that keratohyalin was not a separate
structure hut became an integral part of human
tonofilaments. The granules were considered as
darker structures within the tonofilaments them-
selves. On the other hand, in guinea-pig epi-
dermis the tonofilaments and keratohyalin could
be seen as two distinct entities. In some of the
pictures presented by Dr. Zelickson, I could not
see any two phase structure in the stratnm
granulosum. I wonder if we could get some more
information on this aspect of the work.
My comment is about the nature of the
osmiophilic material. I believe we should be
somewhat more cautious before deciding that
it is a sulfur-containing substance. In recent
studies, Swanbeek has shown that individual
keratin fibers are coated with some lipid material.
In our own recent studies we have found that
horny layers contained a complex substance
which yielded phosphorus, amino nitrogen,
choline and hexosamine. This material could be
isolated from normal and pathologic horny
layers after prolonged incubation with alcohol.
We believe that we are dealing with a glyeolipo-
protein which contributes quite considerable
amounts to the horny layer. It is present in
presumably defatted horny layers or what we
heretofore have considered as fat-free horny
layers.
DR. ALVIN S. ZELIcicsoN, (in closing): I wish
to thank Dr. Flesch for his comments.
What I tried to point out was that in the
lower epidermal layers the tonofilaments, or
cross sections of them, seem to be unstained and
coated by an osmiophilie material. As the cell
moves up, the filaments seem to increase in size
to one hundred Angstrom units, the osmiophilic
material still being present around the filament
itself.
In the stratum granulosum, we first see a
more osmiophilie material being laid down on
top of what was originally present. Whether a
sudden change occurs in this original material
or not, I can't say; but, definitely, there is an
increase in osmiophilia at this point.
Now, Bahr has shown that sulfur groupings
react strongly with the osmium. If the filament
remains unstained (and this was shown bio-
chemically in merino wool cortex fibers by
Rogers), the filament most likely is low or lack-
ing in sulfur while this electron-dense material
does contain sulfur.
1 realize, that the problem is not as simple
as stated and that in the final squame or horny
cell there are numerous other materials present
such as degenerating mitoehondria, nuclear mem-
brane fractions, melanin and so on. The point
I tried to bring out was that the filaments are
fifty Angstroms in diameter, unstained, and
probably low in sulfur while the matrix or more
osmiophilic substance is rich in sulfur.
